The pharmacological properties of voltagedependent calcium channel (VDCC) subtypes appear mainly to be determined by the ␣ 1 pore-forming subunit but, whether P-and Q-type VDCCs are encoded by the same ␣ 1 gene presently is unresolved. To investigate this, we used IgG antibodies to presynaptic VDCCs at motor nerve terminals that underlie muscle weakness in the autoimmune LambertEaton myasthenic syndrome (LEMS). We first studied their action on changes in intracellular free Ca 2؉ concentration [Ca 2؉ ] i in human embryonic kidney (HEK293) cell lines expressing different combinations of human recombinant VDCC subunits. Incubation for 18 h with LEMS IgG (2 mg͞ml) caused a significant dose-dependent reduction in the K ؉ -stimulated [Ca 2؉ ] i increase in the ␣ 1A cell line but not in the ␣ 1B , ␣ 1C , ␣ 1D , and ␣ 1E cell lines, establishing the ␣ 1A subunit as the target for these autoantibodies. Exploiting this specificity, we incubated cultured rat cerebellar neurones with LEMS IgG and observed a reduction in P-type current in Purkinje cells and both P-and Q-type currents in granule cells. These data are consistent with the hypothesis that the ␣ 1A gene encodes for the pore-forming subunit of both P-type and Q-type VDCCs.
relatively insensitive to -Aga IVA (9) . Antisense experiments suggest that the ␣ 1A gene encodes a P-type VDCC in Purkinje cells (10) , but whether it also encodes the Q-type VDCC remains uncertain.
Lambert-Eaton myasthenic syndrome (LEMS) is an autoimmune neurological disease in which antibodies are directed against presynaptic VDCCs at the neuromuscular junction leading to muscle weakness (11) . Many (Ϸ60%) patients have an associated small cell lung carcinoma (SCLC). SCLC cells are known to express VDCCs that are believed to trigger the autoantibody response in these patients (12) . Antibodies that immunoprecipitate P͞Q-type [ In the first part of the study, we have investigated the specificity of LEMS IgGs for cloned human neuronal VDCCs by studying their effect on K ϩ -stimulated changes in intracellular free Ca 2ϩ concentration [Ca 2ϩ ] i in human embryonic kidney (HEK293) cells transfected with different human VDCC subunits. We then investigated the action of these characterized autoantibodies on whole-cell calcium currents in cultured rat cerebellar Purkinje and granule cells to identify the pore-forming subunit of P-and Q-type VDCCs in these neurons.
Tyrode's solution (137 mM NaCl͞2.7 mM KCl͞1 mM MgCl 2 ͞ 1.8 mM CaCl 2 ͞0.2 mM NaHPO 4 ͞12 mM NaHCO 3 ͞5.5 mM glucose) and were incubated with the fluorescent calciumsensitive dye fluo-3AM (20 M) for 1 h at room temperature. Excess dye was removed by further washing, and the cells were maintained in Tyrode's solution (200 l͞well) for 30 min. Cells were depolarized by exposure to either KCl at final concentration of 70 mM for the 10-13, G1A1, C11D8, and 5D12-20 cell lines or KCl at a final concentration of 40 mM (E52-3 and E-58-19), and the fluorescence (F) was measured in real time by using the Labsystems Fluoroskan II (ThermoQuest, San Jose, CA). For each well, maximum fluorescence (F max ) and minimum fluorescence (F min ) were measured after sequential exposure to Nonidet P-40 (20 l, 1%) and then EDTA (15 l, 100 mM). Intracellular free calcium concentration [Ca 2ϩ ] i then could be estimated from the fluorescence intensity values by using the equation [Ca 2ϩ ] i after the addition of KCl. Preparation of IgG. IgG was prepared from patients by the ethacridine lactate-ammonium sulfate method as described (19) . We studied six patients with LEMS, of whom three had an associated SCLC. All patients had antibodies that immunoprecipitate 125 I--CTX MVIIC-labeled VDCCs, and two patients, both without associated SCLC, had antibodies to 125 I--CTX GVIA-labeled VDCCs. IgG also was prepared from two different pools of healthy controls, one individual healthy control, and three disease controls (SCLC without LEMS, myasthenia gravis, and Guillain-Barre syndrome).
Effect of IgG on K ؉ -Stimulated Calcium Assay. IgG from LEMS, healthy, or disease controls at a final concentration of 2 mg͞ml was added to transfected HEK293 cells in 96-well plates and was incubated overnight at 37°C. The K ϩ -evoked [Ca 2ϩ ] i signal in cells exposed to IgG was compared with the signal in cells cultured in medium alone run on the same plate. Results are expressed as a percentage of calcium influx in cells cultured in medium alone. The use of selective toxins was used to confirm the pharmacology of the cell lines.
Neuronal Cell Culture. Cerebellar Purkinje cells were cultured as described (10, 20) . Cerebellar granule cells were prepared by using minor modifications to a procedure described by Courtney et al. (21) . Cerebella were removed from Sprague-Dawley rat pups on postnatal day 7, were chopped, and then were incubated with trypsin (5 mg in 20 ml) for 20 min at 37°C before being plated onto poly-D-lysine coated (15 g͞ml) coverslips at a density of 3 ϫ 10 5 cells͞ml. Cultures were maintained in minimum essential media containing 25 mM KCl, 10 mM D-glucose, 10% fetal calf serum, 2 mM glutamine, and penicillin (100 units͞ml) and streptomycin sulfate (100 g͞ml) at 37°C. After 24 h, fresh media containing cytosine arabinoside (final concentration of 10 M) to inhibit astrocyte growth was added.
Electrophysiology. The whole-cell patch-clamp technique (22) was used to record transmembrane calcium currents in single cerebellar Purkinje or granule cell bodies at 20-22°C. Purkinje cells were voltage-clamped at a holding potential of Ϫ90 mV and was depolarized to a test potential of ϩ10 mV for a duration of 50 msec every 30 sec. Granule cells were voltage-clamped at a holding potential of Ϫ80 mV and were depolarized to a test potential of 0 mV for a duration of 20 msec every 30 sec. Currents were recorded by using either a List EPC-7 (List Electronics, Darmstadt, Germany) or an Axopatch 1D amplifier (Axon Instruments, Foster City, CA) and were filtered by an eight-pole, low pass Bessel filter (Axon Instruments, Foster City, CA) and were stored on computer. Leak currents and any uncompensated capacitance transients were subtracted from the current records by using standard hyperpolarizing P͞4 protocols. After stable whole-cell currents had been obtained, Purkinje cells were superfused with 50nM -Aga IVA, usually followed by 1 M -CTX GVIA and 5 M nifedipine. Because of faster run-down, granule cells were superfused with 30 nM -Aga IVA, 200 nM -Aga IVA, 1 M -CTX GVIA, or 5 M nifedipine. Reductions were measured as a percentage of the control current, and population data were expressed as the mean Ϯ SEM.
Incubation with LEMS Antibodies. Cultures were incubated with 2 mg͞ml LEMS IgG or pooled healthy control IgG for 15-22 h. The effects of IgG incubation were evaluated in Purkinje cells between 9 and 16 days in vitro and in granule cells between 6 and 9 days in vitro.
RESULTS
Overnight incubation with LEMS IgGs at 2 mg͞ml reduced the K ϩ -stimulated [Ca 2ϩ ] i signal in the ␣ 1A (10-13) cell line to 29 Ϯ 4% of the influx in cells incubated in medium alone whereas there was an increase in cells incubated with healthy and disease control IgGs (128 Ϯ 6%, P Ͻ 0.0001; Fig. 1A ). By contrast, there was no significant difference between LEMS IgGs and control IgGs in the ␣ 1B (G1A1) cell line, even though two LEMS patients had antibodies to 125 I--CTX GVIAlabeled VDCCs (132 Ϯ 7% vs. 127 Ϯ 7%, P Ͼ 0.05, Fig. 1 A) . Similarly, there was no significant difference between LEMS and control IgG treated cells in the ␣ 1D (5D12-20) and ␣ 1E (E52-3) cell lines (Fig. 1B ) or in the ␣ 1C cell line (111 Ϯ 7% vs. 107 Ϯ 11%, P Ͼ 0.05). Furthermore, the ␣ 1E -containing cell line E58-19 (␣ 1E-3 , ␣ 2b ␦, ␤ 4a ), which, like the LEMS IgGsensitive 10-13 cell line contains the ␤ 4a subunit, also was unaffected by overnight exposure to LEMS IgG (102 Ϯ 3% vs. 114 Ϯ 10%, P Ͼ 0.05). These results suggest that antibodies to the ␣ 1A subunit are responsible for the reduction in calcium influx seen in the 10-13 cell line rather than antibodies directed against the ␤ 4a or ␣ 2b ␦ subunits.
The effect of LEMS IgG was dose-dependent, with a significant reduction in calcium influx at 0.5 mg͞ml to 54 Ϯ 5% of influx in cells incubated in medium alone and a maximum reduction to 25 Ϯ 3% at 4 mg͞ml. There was no significant effect of LEMS IgG at 0.1 mg͞ml (102% Ϯ 5%, P Ͼ 0.05). LEMS IgG from all six patients appeared to be approximately equally potent at inhibiting calcium influx in the ␣ 1A cell line.
Technical difficulties were encountered in obtaining maximal fluorescence values for calibrating calcium influx when IgGs (LEMS and control) were added directly to the Tyrode's solution after dye loading. However, there was no apparent effect of LEMS IgG on calcium influx after 20 min incubation (data not shown). In contrast, 6-hour incubation with LEMS IgG at 2 mg͞ml led to a reduction to 50 Ϯ 1% of the calcium influx of cells grown in medium alone.
VDCC Currents in Purkinje Neurons. After 8 days in vitro, most of the large cerebellar cells assumed the morphological and immunocytochemical features ascribed to Purkinje neurons (10) . VDCC currents in these cells were reduced by 58 Ϯ 3% by 50nM -Aga IVA (P-type), 22 Ϯ 2% by 1 M -CTX GVIA (N-type), and 6 Ϯ 1% by 5 M nifedipine (L-type). The remaining 14% of the whole-cell calcium current was resistant (R-type) to the above pharmacological blockers. Little evidence for a Q-type component was found in these cells because concentrations of -Aga IVA higher than 50nM produced no (Fig. 2) . Thus, 50nM -Aga IVA reduced the whole-cell calcium current by 11 Ϯ 4% (n ϭ 4; P Ͻ 0.001) and 19 Ϯ 5% (n ϭ 8; P Ͻ 0.001) in cells incubated with the two LEMS IgGs compared with 60 Ϯ 6% (n ϭ 10) in cells incubated with healthy control IgG (Fig. 3) . In parallel, there was a significant increase in the proportion of residual current observed in the LEMS IgG-treated cells compared with control IgG-treated cells. The residual current (resistant to sequential application of -Aga IVA, -CTX GVIA, and nifedipine) accounted for 27 Ϯ 2% (n ϭ 6) of the whole-cell current in cells incubated with control IgG compared with 49 Ϯ 3% (n ϭ 5; P Ͻ 0.01) and 57 Ϯ 5% (n ϭ 4; P Ͻ 0.01) in cells incubated with LEMS IgGs.
Bath application of 2 mg͞ml LEMS IgG for 14-16 min during whole-cell patch-clamp recordings had little effect on the whole-cell calcium current, reducing it by only 3 Ϯ 1% (n ϭ 3). This finding is consistent with data from the ␣ 1A cell line and suggests that LEMS IgG does not cause a pharmacological block of the channel. LEMS IgG did not prevent binding of -Aga IVA to the P-type VDCC because -Aga IVA reduced whole-cell calcium currents by 59 Ϯ 8% (n ϭ 3) in cells treated with LEMS IgG for 40 min immediately before recording.
VDCC Currents in Cerebellar Granule Cells. Pharmacological dissection of whole-cell barium currents was carried out by using selective peptide neurotoxins and drugs to identify the contribution of different subtypes of VDCC. Application of 1 M -CTX GVIA led to a rapid and irreversible block of 29 Ϯ 2% (n ϭ 10) of the whole-cell barium current. Perfusion with 5 M nifedipine produced 26 Ϯ 4% (n ϭ 5) inhibition of the whole-cell barium current. The remaining high-voltage activated current could be subdivided into two current types based on differential sensitivity to increasing concentrations of -Aga IVA and differences in inactivation kinetics. Addition of 30 or 200 nM -Aga IVA produced an inhibition of 21 Ϯ 1% and 52 Ϯ 4% (n ϭ 8) of the whole-cell barium currents, respectively. These results are consistent with those of Randall and Tsien (9) .
Granule cells were incubated overnight (15 h) with IgG at 2 mg͞ml from two LEMS patients or from pooled healthy control IgG (Fig. 4) . Mean current densities were not significantly different between LEMS and control IgG treated cells [45 Ϯ 5 pA͞pF (n ϭ 28) vs. 38 Ϯ 5 pA͞pF (n ϭ 23)]. Incubation with both samples of LEMS IgG led to a significant reduction in the current inhibition produced by 30 nM -Aga IVA, compared with control IgG [9 Ϯ 1%; n ϭ 7 and 12 Ϯ 2%; n ϭ 4 (LEMS IgGs) vs. 22 Ϯ 2%; n ϭ 4 (control IgG), P Ͻ 0.001 and P Ͻ 0.05 respectively]. Similarly, preincubation with LEMS IgG significantly reduced the extent of current block observed with 200 nM -Aga IVA compared with control IgG [27 Ϯ 2% and 17 Ϯ 2% (LEMS IgGs) vs. 57 Ϯ 2% (control IgG), P Ͻ 0.01 for both patients] (Fig. 5) . LEMS IgGs did not effect the -CTX GVIA-sensitive current in granule cells. Thus, 1 M -CTX GVIA reduced the whole-cell barium current by 36 Ϯ 6% (n ϭ 3) in cells treated with LEMS IgG (patient 1) compared with 29 Ϯ 2% (n ϭ 10) in untreated controls. Taken together, these results suggest that LEMS IgG leads to a parallel reduction in both P-type and Q-type VDCC currents in cerebellar granule cells.
DISCUSSION
LEMS IgG causes a highly significant dose-dependent reduction in K ϩ -stimulated calcium influx in the ␣ 1A (10-13) cell line and reduces both P-type and Q-type calcium currents in cerebellar neurons. Passive transfer of LEMS IgG to mice has been shown to cause a reduction in the quantal release of acetylcholine at the neuromuscular junction, a process that is believed to be mediated by the P͞Q-type VDCC (19, 23, 24) . In addition, recent studies have demonstrated presynaptic expression of the ␣ 1A subunit at the human neuromuscular junction (25) . Taken in conjunction with these published studies, our data provide strong evidence that antibodies directed against P͞Q-type VDCCs are responsible for the impairment of neuromuscular transmission in LEMS. These (1998) findings also are consistent with the study of Waterman et al. (26) in which passive transfer of LEMS IgG blocked the component of neurotransmitter release subserved by both P-type and Q-type VDCCs in the autonomic neurons of mice. No inhibition of calcium influx was observed in the ␣ 1B (G1A1) cell line with IgGs from any of the six LEMS patients tested. Two of six patients had antibodies to N-type VDCCs on radioimmunoassay. Both of these LEMS patients also had antibodies to the intracellular ␤ subunit of the VDCC complex, which may account for their ability to immunoprecipitate 125 I--CTX GVIA-labeled VDCCs (27) . Antibodies to this intracellular subunit would not be expected to cause functional effects on VDCCs in living cells. Previous workers (28) (29) (30) have shown that LEMS IgG blocks both P-type and N-type VDCCs in a human SCLC cell line and N-type and L-type VDCCs in human neuroblastoma cell lines. However, the data presented here suggest that the ␣ 1B subunit is not a general target of antibodies in a clinically representative sample of six LEMS patients. There are several explanations for the difference between our results and those of other workers. First, IgGs from a minority of LEMS patients may have a functional effect on the ␣ 1B (N-type) VDCC, but these IgGs were not represented in our panel of patient IgGs. Second, different ␣ 1B splice variants have been identified and may result in altered sensitivity to LEMS IgG. LEMS IgG did not reduce calcium influx in ␣ 1C , ␣ 1D , or ␣ 1E cell lines. These data suggest that LEMS IgG antibodies directed against the ␣ 1A subunit lead to inhibition of calcium influx in the transfected cell lines. Taken together, the data presented here establish unequivocally the importance of antibodies to P͞Q-type VDCCs in the pathogenesis of LEMS. Moreover, it appears that antibodies to the ␣ 1A subunit are the principal factor underlying the impairment of neurotransmission seen in LEMS.
We have used the marked specificity of LEMS IgGs for the ␣ 1A subunit in transfected cell lines to identify the poreforming subunit of native P-type and Q-type VDCCs in rat cerebellar neurones. P-type VDCCs in Purkinje cells are highly sensitive to low nanomolar concentrations of -Aga IVA (IC 50 Ϸ 1-2 nM; ref. neurones (31) . Recent studies in which cultured Purkinje cells were incubated with antisense oligonucleotides against the ␣ 1A subunit has provided evidence that the ␣ 1A gene encodes the P-type VDCC in these neurones (10) . Moreover, expression of the ␣ 1A gene in combination with certain ␤ subunits in mammalian cells gives rise to currents that more closely resemble P-type currents (32, 33) . Finally, a truncated form of the ␣ 1A subunit has been identified that may possess different pharmacological characteristics from the full-length subunit (34) . In this study, overnight incubation of Purkinje cells with LEMS IgG led to a highly significant reduction in the -Aga IVA-sensitive component of whole-cell calcium current. This effect was specific for LEMS IgG because only the -Aga Incubation of cultured rat cerebellar granule cells with LEMS IgG caused a reduction in sensitivity to both low (30 nM) and high concentrations (200 nM) of -Aga IVA that are thought to represent the P-type and the combined P and Q-type components of calcium currents in these neurones. This effect is specific to LEMS IgG and was not seen in granule cells treated with control IgG. Thus, LEMS IgG specific for the ␣ 1A subunit reduced both P-type and Q-type currents in rat granule cells.
LEMS IgG does not appear to cause a direct pharmacological block of the P͞Q-type VDCC either in transfected HEK293 cells or in rat Purkinje cells, which is in agreement with published studies (35, 36) . Divalent F(ab) 2 but not monovalent Fab fragments from LEMS IgG cause reduction in nerve-evoked release of acetylcholine and disruption of active zone particles at the presynaptic terminal of the neuromuscular junction, suggesting that LEMS IgG acts by cross-linking and down-regulating calcium channel numbers (37, 38) . Such a mechanism might explain the inhibition of VDCC function in our studies on transfected HEK293 cells and cerebellar neurones.
LEMS IgG antibodies specific for the ␣ 1A subunit block both P-type and Q-type VDCCs in cerebellar neurones. The simplest explanation of these results is that the ␣ 1A gene encodes for both P-type and Q-type VDCCs in cerebellar neurones. We cannot, however, exclude the possibility that LEMS IgG cross-reacts with an antigenically similar but as yet genetically undefined ␣ 1 pore-forming subunit that encodes for either a P-type or Q-type VDCC.
